In this paper, a directional pattern-reconfigurable slot antenna at 2.4 GHz is presented. The antenna can provide three evenly-separated directional patterns and one omnidirectional pattern. The proposed solution is fully suitable for the integration in Internet of things (IoT) network base stations to increase the communication range and reduce packet collisions. The performance of the proposed antenna is numerically and experimentally assessed.
Introduction
The term Internet of things (IoT) has attracted the attention of researchers and technology companies throughout the world. IoT refers to a network that has the ability to sense the environment as well as to be controlled remotely through a wireless connection. In the last years, thanks to the evolution of communication technologies, IoT networks have undergone remarkable progress. As the mentioned in the Cisco report [1] , the amount of connected devices will increase dramatically from 8.7 billion in 2012 up to 50 billion in 2020. This trend is leading to the creation of the so-called smart environments, such as smart homes, smart cities, and smart transportation, etc. [2, 3] .
In such environments, the use of pattern reconfigurable antennas can remarkably improve the quality of the wireless communication. As a matter of fact, thanks to the possibility of steering the energy radiated by the antenna towards specific directions, several advantages can be obtained. They include a reduction of interferences since specific targets for communication can be selected, the prevention of complex multi-hop transmissions by increasing the node communication ranges, and the increase of data throughput by exploiting spatial reuse [4] .
In the literature, several pattern reconfigurable antennas have been proposed. The classical approach consists in changing the radiation direction through the tuning of the phases of the elements of an antenna array. Such a solution, however, implies high costs, large dimensions, and structures with high power consumption. A different solution, more suitable for IoT network applications, relies on the integration of active electronic components in the antenna geometry. A simple approach consists in the combination of multiple radiating elements connected to a radio-frequency (RF) switch. Normally, the radiating element is designed as a directional antenna. Due to the operation of the switch, the radiation pattern of the overall antenna system can be changed by selecting the proper antenna element [5] .
Ha et al. [6] have introduced a beam-steering antenna for wearable applications that can cover three different directions by using two RF switches. However, the small gain and the impossibility of covering the entire 360-degree plane limits the effectiveness of the antenna. Trying to solve these problems, a different reconfigurable antenna has been presented in [7] . With a gain of 1 dBi for the omnidirectional mode and 3.5 dBi for eight directional modes, this antenna represents a good choice for 2.4 GHz wireless local area networks. Nevertheless, the small operation frequency range (from 2.4 to 2.48 GHz) can be a real limitation. Beside, several additional antennas have been proposed in the literature for wireless sensors networks (WSNs) or Picocell applications using sectorial pattern reconfiguration [8] [9] [10] [11] . However, they also present some limitations. The solution in [8] shows a small gain (about 1.9 dB at 2.4 GHz), while others have narrow bandwidths [9, 10] (about 60-80 MHz for a return loss lower than −10 dB), or dimensions that are not compatible with IoT applications [11] (10 × 100 × 100 mm 3 ).
In this paper, a reconfigurable directional antenna suitable for IoT network base stations is presented. It is based on the use of a metallic cylinder in which three fonts are excited by a monopole radiating element. Each slot can be electromagnetically opened or closed through 3 PIN diode switches. By controlling the state of each switch, the antenna can radiate towards 3 different directions or can exhibit an omnidirectional radiation pattern.
Reconfigurable Antenna Design
The geometry of the proposed reconfigurable antenna is shown in Figure 1 . It is constituted by a metallic cylinder closed at the bottom and at the top. Its base is used as ground plane for a monopole, which therefore remains inside the cylinder. On the lateral surface of the cylinder, three equally-separated rectangular slots are etched. A switch is put in the middle of each slot, connecting the two horizontal slot edges. The monopole is modeled as a metallic wire of 1 mm in diameter, while the thickness of the metal plates is 0.5 mm. The antenna functioning is based on the fact that the monopole excites the slots, which radiate outside the cylinder. The slots, acting as magnetic dipoles, radiate a vertically polarized electromagnetic field. The radiation behavior of each slot depends on its dimensions. The length l determines the slot resonant frequency, while the width w defines the impedance matching. Consequently, the monopole length m as well as the dimensions of the slots have been optimized through a trial-and-error procedure so that the antenna system can efficiently radiate at the operating frequency of 2.4 GHz.
The reconfiguration mechanism is based on the control of the switches. As a matter of fact, when the switch is open, it becomes electromagnetically transparent for the corresponding slot, which therefore radiates at the intended frequency. In contrast, when the switch is closed, the size of the slot is divided by two. This doubles the slot resonant frequency so that the 2.4 GHz electromagnetic field is not radiated.
The optimized values of the antenna geometrical parameters are summarized in Table 1 following the notation used in Figure 1 . The overall antenna occupancy is given by a cylindrical volume of 70 mm diameter (corresponding to 0.57λ at 2.45 GHz) and 38 mm in height (0.31λ at 2.45 GHz). The antenna allows four different configurations depending on the states of the switches (Table 2 ). Figure 2 shows the simulated impedance matching of the optimized antenna. As can be observed, the Voltage Standing Wave Ratio (VSWR) is lower than 2 all over the 2.4 GHz band in the C 000 configuration, while it slightly increases for C 011 . As the antenna is symmetrical, the impedance matching for C 110 and C 101 is not reported. As for the radiation behavior, the corresponding simulated realized gain patterns are shown in Figure 3 in solid red curves. As can be seen, the antenna can exhibit three directive radiation patterns headed at 90 • , 210 • and 330 • , and an omnidirectional one. The latter is obtained by putting all the switches in the open configuration. For the sake of completeness, the gain patterns in the vertical plane for the directions of the maxima obtained in the two different configurations C 000 and C 011 are shown in Figure 4 . 
Experimental Validation

Antenna Prototype
In order to experimentally validate the simulated electrical and radiating characteristics reported in the previous section, a prototype of the antenna has been created ( Figure 5 ). The prototype is fabricated from a metallic cylinder in which the slots have been cut. A standard SubMiniature version A (SMA) connector has been soldered at center of the bottom face of the cylinder and was used to feed the internal monopole. The brown metal appearing at the bottom of the antenna is conductive duct tape, and it was used to close the antenna structure after the insertion of the monopole.
As for the switches, they have been created by using PIN diodes from MACOM (ref. MA4SPS502, pack. ODS-1270, MACOM Technology Solutions, Lowell, MA, USA) with a very small package in order to limit as much as possible the impact on the slot radiation. When the diode is reverse-biased, its resistance is very high (>1 kΩ) and the diode behaves like an open circuit. Otherwise, its resistance becomes very low (around 1 Ω) as a short circuit. DC voltage to bias the PIN diode is provided from a control system, such as a microcontroller.
When the PIN diode is biased, to ensure that the DC source does not interfere with the RF source, the DC and RF blocks are integrated. A capacitor has been used to isolate the RF source from the current that activates the PIN diode as shown in Figure 6 . The PIN diode is forward-biased with 10-mA current, 3-V voltage, and a 250 Ω resistor, which induces a power consumption of 30 mW. Similarly, the RF block, which is a choke coil, attenuates the high frequencies completely. Figure 2 shows the measured impedance matching of the realized prototype (green dashed curve). The VSWR has been measured in the C 000 and C 011 configurations, and in a non-controlled environment. Despite some differences with the simulated data given by some realization imperfections and by the non-ideal measurement environment, the prototype is well-matched at the operating frequency of 2.4 GHz. The measured operating bandwidth for which the VSWR ≤ 2 dB is between 2.1 and 2.9 GHz for C 000 and between 2.25 and 2.55 GHz for C 011 . The experimental assessment of the prototype radiation characteristics has been performed using a Satimo Starlab station. The measured radiation patterns (total realized gain) in the horizontal and vertical planes for the different switch configurations are reported in Figures 3 and 4 (green dashed curves) , respectively. As can be observed, the prototype is clearly capable of reconfiguring the radiation pattern towards three different directions. These correspond to the directions identified by the switches in the open configuration. For all the three directive configurations, the maximum gain is about 4 dBi and the front-to-back ratio is almost 6 dB. When all the diodes are in the open circuit mode, the antenna exhibits an omnidirectional behavior with a maximum variation smaller than 2 dB. Finally, it is worth noting that, whatever the switch configuration, the measurements are in a very good agreement with the numerical data. The measured total efficiency of the antenna system is higher than 80% between 2.3 and 2.6 GHz.
Measurements
To highlight the effectiveness of the proposed solutions, Table 3 reports a comparison with other existing state-of-the-art pattern-reconfigurable antennas. As can be observed, the proposed antenna is the smallest, while providing a larger operating bandwidth. Most important, it is the only one also providing an omnidirectional radiation pattern, which can be very useful in dealing with IoT network applications. 
Conclusions
In this paper, a directional reconfigurable antenna suitable for IoT network base stations has been proposed. The antenna can exhibit three directional radiation patterns (a 4-dBi maximum gain and a 6-dB front-to-back ratio) and an omnidirectional pattern. The effectiveness of the proposed antenna has been experimentally demonstrated.
Future work will be aimed at increasing the number of possible directional patterns as well as reducing the antenna dimensions.
